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organic solutions was carried out using composite membranes and CA membranes. The dependency of rejection and flux on operating pressure (4) (5) (6) and feed concentration (1-8 wt%) was studied.
1. Experimental
Membranes
Three types of composite membraneswere used for RO experiments: PEC-1000 supplied from Toray, FT-30 BW&SW from Filmtech, and NS-100 made in our laboratory on the basis of the method proposed by Cadotte.1* Support UF membranes for NS-100 were from dimethylformamide solution of polysulfone (PI700 & P3500 from UCC).
Asymmetric CAmembranes cast by Manjikian's method6) were used as control after heat treatment at 90, 87 or 85°C.
Apparatus
The experimental apparatus was the same system described in the previous paper.8) 1.3 Reagent and water MEK,THFand EAc of guaranteed purity above 99%, above 99.5% and above 99%, respectively, from WakoPure Chemical Industries, Ltd. were used as reagents without further prepurification.
The permeate water through ROwas used as process water after adding a slight amount of sodium thiosulfate.
Analysis
A total carbon analyzer, Toshiba-Beckman Model 102, was used to measure the concentration of organic solutes.
Operation
Each membranewas characterized before and after the experiment for each system with ca. 3.5wt% aqueous sodium chloride solution. Table 1 shows the change of membrane characteristics. For MEKand THF systems, permeation flux after experiments for NS-100 was reduced to half the initial value. For the other membranes, the flux after experiments increased a little, while separation decreased.
For EAc system, in all membranes, both flux and separation declined.
Three levels of operating pressure were applied: 3.79-3.92, 4.77-4.9 and 5.75-5.88 MPa. A small difference in pressure at each level was caused by the pressure drop between the first cell and the last cell. The relation between concentration of solute at the membrane (C2) and concentration in the bulk solution (Q) can be expressed by Eq. (2).4)
Mass transfer coefficients on the surface of the membrane were estimated by Eq. (3), which was derived from data obtained with the same type of cell by Kimura and Sourirajan.4) A^= l-77<e734-^c33 
Jv=Lp(AP-aAn) (5)
Spiegler and Kedem21) divided the membrane into differential elements in the direction of its thickness and applied Eq. (4) in it in the form of a differential equation, integrating the equation to give the following form of intrinsic rejection.
where
By extrapolating J'v to infinite value, the value of Rint in Eq. (7) approaches reflection coefficient a as the value of Eq. (8) approaches zero. (2), (10) and (ll) for MEKsystem (2), (10) and (ll) for THF system than 98.5%) and was independent of operating pressure at the lower solute concentration, remaining above 97.5% even at a concentration of 8.2wt%.
Permeation flux was almost proportional to operating pressure and inversely proportional to concentration at the lower concentration. But at concentrations over 5.5wt%, the flux seemed to remain almost constant.
On the other hand, rejection remained unchanged up to a concentration of 5.5wt% and decreased step by step at higher concentration. Both these phenomena were observed beyond the concentration of 5.5 wt%, 166 Fig. 3 . Experimental data for PEC-1000 compared with calculated solution permeation flux and solute separation using Eqs. (2), (10) rejection; NS-100 p3500, 80-95%; NS-100 pl700, 90-98%.
In the case of CA, the permeate flux was virtually zero. It gave 65-85% rejection at the concentration of 1 wt% and 40-60% at 3wt%. (9), assuming P is constant, a obtained with CAhad minimumvalue of 0.88 and one with PEC-1000 had maximum value of 0.999 for MEKsystem, a value obtained was 1.0 except that for CA, for THF system, a value obtained was 1.0 with PEC and NS-100 P3500; 0.979 with NS-100 P1700; and 0.5-0.6 with two types ofCA, for EAc system. 2) Hydraulic and solute permeability The hydraulic permeability and the solute permeability were estimated from Eqs. (5) and (6) and a obtained above. L°p and co°are obtained by extrapolating Lp and oj respectively for each solute concentration in feed to zero operating pressure. In these cases, it was difficult to find a definite relation of Lp and co to operating pressure. Therefore, L°p and co°values used were the average of Lpand co for each solute concentration, respectively.
The semi-logarithmic plot of L°p and co°against osmotic pressure of the solution on the surface of the membrane /7(C2) gives a linear relation as shown in lation to infinite permeation flux, using Eqs. (7) and (8) for THF system Fig. 6 . Estimation of reflection coefficients by extrapolation to infinite permeation flux using Eqs. (7) and (8) for
EAc system
The intercepts of the straight line give the values of Lp0 and coo, and their slopes give compaction coefficients pv and j8s, which are shown in Table 2 . The values of Lp0 and oj0 represent respectively the hydraulic permeability and solute permeability at zero operating pressure and solute concentration on the membrane.
In the case ofMEKsystem, in Fig. 7 , the values of co°with CAand NS membranes decreased monotonously with increasing /7(C2), those for PEC decreased to around 1.7 MPaand increased above that osmotic pressure and those for FT membranesdeclined with increasing osmotic pressure up to 0.85MPa (in the case of L°p decreasing around 1.7MPa), as shown in Fig. 8 .
In the case of THFsystem, the value of L°p decreased with increasing osmotic pressure of solution on the surface of the membrane.FT-30 was superior in Lp0, on the other hand, and with CA was the smallest, as shown in Fig. 9 .
Estimated o>°increased with increasing /7(C2) in contrast to the case for hydraulic permeability L°p.
PEC-1000 gave the best solute separation, exhibiting the smallest coo. Conversely, CA and FT-30 gave relatively low solute separation, exhibiting large co0. In the case ofEAc system, as shown in Fig. 1 1, PEC and FT gave large flux and exhibited large hydraulic permeability constants Lp0 of 0.05-0.09. Further, CA
showed the smallest value.
co°obtained with PEC and NS-100 increased with VOL 21 NO. 2 1988 increasing EAc concentration in feed, while with the others its value declined with increasing concentration of solute.
Engineering model
Deviation from the model above is corrected by the compaction coefficients. Permeate flux Jv and solute permeate flux Js can be described by Eqs. (10) and (1 1), respect i vel y.
Permeate flux Jv and rejection Rapp, estimated8' from Eqs. (2), (10) 
Energy and Membrane Area Required
In Fig. 13 is shown the calculated energy and membrane area required to concentrate MEK solution from 0.48wt% to 3.05wt% or 4.87wt%.9)
The calculated results in Fig. 13 (2) Rejection and permeation fluxes decrease with increasing concentration of solute in feed. However, above a certain concentration of solute, it is observed that rejection decreases significantly and depends considerably on the applied pressure, and that permeation fluxes remain about constant. These phenomena seem to mean that membrane compacts are induced by solute up to a certain concentration of solute and start to swell above that concentration.
(3) Using PEC-1000, at zJP=6MPa, when the concentration polarization is neglected, the energy and the membrane area required to concentrate.
MEKsolution from 0.48wt% to 3.05wt% are approximately 0.55 m2/(kg-MEK/day) and 0.4 kWh/kg-MEK; for concentration of THF solution from 0.48 wt% to 3.05 wt% they were 0.4m2/(kg-THF/day) and 0.35kWh/kg-THF; for concentration of EAc solution from 0.59wt% to 4.81 wt% they were 0.4m2/
170
(kg-EAc/day) and 0.5 kWh/kg-EAc. the bed surface, and by an X-ray photographic method. A semiempirical correlation for predicting the frontal diameter of a bubble has been presented by Rowe,9) using a correlation of the number-density of bubbles determined by Rowe and Goldsmith.12) Based on the literature data on bubble diameter, Darton et al.3) have proposed a semiempirical correlation for predicting the equivalent spherical bubble diameter. It has been reported that bubbles tend to rise along certain preferred paths and that coalescence may take place with a considerable lateral movementof bubbles which maybe slow enough to determine the overall
